We present first-principles density-functional-theory-based calculations to determine the effects of the strength of on-site electron correlation, magnetic ordering, pressure and Se vacancies on phonon frequencies and electronic structure of FeSe 1−x . The theoretical equilibrium structure (lattice parameters) of FeSe depends sensitively on the value of the Hubbard parameter U of on-site correlation and magnetic ordering. Our results suggest that there is a competition between different antiferromagnetic states due to comparable magnetic exchange couplings between first-and second-neighbor Fe sites. As a result, a short range order of stripe antiferromagnetic type is shown to be relevant to the normal state of FeSe at low temperature. We show that there is a strong spin-phonon coupling in FeSe (comparable to its superconducting transition temperature) as reflected in large changes in the frequencies of certain phonons with different magnetic ordering, which is used to explain the observed hardening of a Raman-active phonon at temperatures (∼100 K) where magnetic ordering sets in. The symmetry of the stripe antiferromagnetic phase permits an induced stress with orthorhombic symmetry, leading to orthorhombic strain as a secondary order parameter at the temperature of magnetic ordering. The presence of Se vacancies in FeSe gives rise to a large peak in the density of states near the Fermi energy, which could enhance the superconducting transition temperature within the BCS-like picture.
Introduction
The recent discovery of superconductivity in iron-based quaternary oxypnictides LaO 1−x F x FeAs by Kamihara et al [1] with relatively high transition temperatures (T c ) up to 26 K, followed by discoveries of many other LnO 1−x F x FeAstype compounds, which have ZrCuSiAs-type structure (where Ln = La, Ce, Sm and Nd) with the superconducting transition temperatures up to 55 K [2] [3] [4] [5] have generated tremendous interest among researchers to study the superconducting transition mechanism in such Fe-based compounds. Superconductivity in the parent compounds LaFePO and LaNiPO with similar structures was reported earlier but with relatively low transition temperatures (4-7 K) [6, 7] . Superconductivity at such high transition temperatures in these doped oxypnictides, like the cuprates of other family of high temperature superconductors, is unconventional as it cannot be explained with the BCS theory of superconductivity [8] , which puts an upper limit on T c (30 K).
These Fe-pnictides are interesting because they exhibit superconductivity in spite of the magnetic nature of the Febased compounds. Understanding the coexistence of the two competing properties, superconductivity and magnetism, in the pnictides may provide a clue to understand the superconducting transition mechanism in cuprates. The parent phase of cuprates is antiferromagnetic and becomes superconducting with the doping of either type of carriers [9, 10] . Structurally, these oxypnictides superconductors are somewhat similar to the cuprate superconductors: both have layered structure. However, there is an important difference: there is no direct interaction between two neighboring copper atoms in the cuprates, whereas the relatively short Fe-Fe bonds result in an overlap of the Fe 3d-orbitals in Fe-pnictides. This might be a reason for good electrical conductivity at room temperature in the pnictides [11] .
One of the important questions about Fe-pnictides is whether electronic correlations in these materials are important like their rival high temperature cuprates (which are strongly correlated Mott insulators). Recent infrared and optical measurements [12] on LaOFeAs show that the kinetic energy of electrons (which must decrease in the presence of electronic correlations) is about half of that predicted by the band theory of nearly-free electrons, giving direct evidence for the presence of correlations in LaOFeAs. However, we note that LaOFeAs is metallic in nature. In contrast to the earlier reports of weak to moderate electronic correlations in 1111 and 122 compounds [12] [13] [14] [15] [16] [17] [18] recent work by Tamai et al [19] showed that 11 compounds are strongly correlated with effective carrier masses of 3-16 m e . This motivates us to study the importance of electronic correlations in the other members of the Fepnictide family. A simple way of including correlations in firstprinciples analysis is to use on-site correlation parameterized by a parameter U in the Hubbard model. Indeed, firstprinciples calculations can be used in a controlled way to assess the effects of U on structure and vibrational properties.
Other very peculiar observations in Fe-pnictides are a high rate of enhancement of the superconducting transition temperature with doping of carriers and pressure [20] [21] [22] . In LnO 1−x F x FeAs, it is observed that T c increases very rapidly with pressure (∂ ln(T c )/∂ P is more than 20% per GPa) up to 4 GPa and T c reduces with a further increase of pressure. The maximum T c observed in LaO 1−x F x FeAs is 43 K at 4 GPa static pressure [23] . The magnitude of ∂ ln(T c )/∂ P observed in LnO 1−x F x FeAs is much larger than that observed in Cu-based high temperature superconductors. The reason behind this large rate of increase in T c with pressure in Fe-pnictides needs to be explored to understand the superconducting transition mechanism.
It is quite natural to search for Fe-based compounds that are simpler in structure and show superconductivity at higher temperatures to develop an understanding of the superconducting transition mechanism in these quaternary oxypnictides. A great success in the quest for simpler structure was accomplished by the recent observation of superconductivity in iron-chalcogenides (FeSe 1−x Te x ) [29, 30] at 8 K. For superconductivity in FeX (X = Fe, Te), it is observed that the sample needs to have some excess electrons [29, 31] and that could be achieved either way (either an Se vacancy or excess Fe). Both an Se vacancy or excess Fe give extra electrons to the system. It has been found that the presence of excess electrons enhances the magnetic moment per Fe site [31] . Subsequent works by Mizuguchi et al and others [32, 33] have shown that the superconducting transition temperature in FeSe can increase up to 27 K at pressure P = 1.48 GPa.
Like the high temperature cuprate superconductors which have a CuO 2 layer essential for superconductivity, newly discovered iron-based quaternary oxypnictides also have a layered structure consisting of two RO (R = La, Ce, Sm and Nd) and FeP (P = As, Se) layers. In the pnictides, the FeP layer is responsible for conductivity. FeSe contains only the conducting layer of LaOFeAs (it does not have the LaO layer between the two conducting FeAs layers) and is one of simplest Fe-based compounds with a high superconducting transition temperature. It has a PbO-like tetragonal structure with P4/nmm (no. 129) space group, where Fe atoms are on a square lattice and Se atoms form tetrahedra around the Fe atoms. Recently it is observed that FeSe undergoes a structural transition below 100 K from the tetragonal to orthorhombic phase and at very low temperatures and higher pressure it has a mixed structure of tetragonal, orthorhombic and hexagonal phases [34] .
Recent calculations [24, 25, 41] based on density functional theory have shown that electron-phonon coupling is very small in the Fe-based superconductors. Hence, a simple electron-phonon coupling may not be responsible for superconductivity in these compounds.
A recent experiment [26] has demonstrated an isotope effect on T c in SmFeAsO 1−x F x and Ba 1−x K x Fe 2 As 2 , while another experiment [27] has reported an inverse isotope effect on T c in the same Ba 1−x K x Fe 2 As 2 compound. A possible reason for this discrepancy is believed to be the concentration of K [27] . These experimental reports do suggest a special kind of coupling between lattice (phonon) and spin or electron (the latter is being ruled out due to reported small electron-phonon coupling) that may depend sensitively on carrier or defect concentration. A possible mechanism of superconductivity in Fe-pnictides could be the spin-phonon coupling as proposed by Egami [28] . In first-principles calculations, it is readily possible to consider various orderings of spins (even if only one of them would be a ground state) and estimate spin-phonon coupling from a knowledge of phonons for different magnetic orderings, and exploring this in FeSe is one of our goals in the present work.
Before proceeding further, we discuss earlier firstprinciples studies of FeSe.
The effect of different magnetic ordering on the electronic structure has already been discussed for both stoichiometric and non-stoichiometric compounds [41, 45] . However, such studies of phonons of FeSe [41] [42] [43] have considered only (a) a non-magnetic phase or (b) a stoichiometric compound. Recent works of Lee et al on FeSe [45] and others on LaOFeAs [46] [47] [48] have shown that antiferromagnetic stripe ordering of spin is more stable compared to other magnetic orderings and nonmagnetic phase. In this paper, we determine the effect of different magnetic orderings on phonons and show that there is a strong spin-phonon coupling. Our work is motivated by two experimental observations [49] : (a) the presence of two Raman peaks at 1350 and 1600 cm −1 and (b) anomalous hardening of a Raman-active mode E g (Se) near 100 K, which involves inplane vibrations of Se atoms.
While the applicability of first-principles density functional theory to FeSe-based materials is limited due to its approximate treatment of electron correlations, it is still useful to develop a qualitative understanding of the normal state, particularly of the vibrational properties and the electron (spin)-phonon coupling. In this paper, we address the following questions to understand the physics of the normal state of FeSe. (1) 
Computational details
We use first-principles pseudopotential-based density functional theory (DFT) as implemented in the PWSCF package [35] and ultra-soft pseudopotentials [36] to describe the interaction between the ion's core and the valence electrons, and a local (spin) density approximation (L(S)DA) for the exchange correlation function. For magnetically ordered phases, we use spin-polarized density calculations with different initial spin configurations. We use a plane wave basis with a kinetic energy cutoff of 40 Ryd for wavefunctions and a cutoff of 480 Ryd for charge density. √ 2 × √ 2 × 1 and 2 × 2 × 1 supercells are used in simulations of FeSe 1−x with x = 0.0 and 0.125, respectively. Convergence with respect to the basis set and grid in the wavevector space has been carefully checked. Integration over the Brillouin zone of the √ 2 × √ 2 × 1 supercell is performed with an 8 × 8 × 8 Monkhorst-Pack mesh [37] . Internal structural relaxation is carried out by minimizing the energy using forces acting on each of the atoms in the Broyden-Fletcher-GoldfarbShanno (BFGS) [38]-based method. As FeSe is metallic, the Methfessel-Paxton scheme [39] is used with a smearing width of 0.003 Ryd for the occupation numbers. In L(S)DA + U calculations, we use an on-site correlation parameter U = 5 eV for the d-orbitals of Fe atoms (similar to the value used in earlier work [40] ).
Phonon frequencies and corresponding eigenvectors are obtained using density functional perturbation theory (DFPT) as well as a frozen phonon method. The DFPT method calculates full dynamical matrices at arbitrary wavevectors (q) through the linear response of the electrons to a static perturbation induced by ionic displacements. In the frozen phonon method, we use a finite difference formula to determine the first derivative of force to compute an element of the force constant matrix:
where F iα is the Hellman-Feynman force acting on the i th atom in the α direction and u jβ is the displacement of the j th atom in the β direction with respect to the equilibrium structure. We take u jβ = ±0.04Å in the symmetric finite difference formula. The dynamical matrix is calculated from the force constant matrix:
where m i is the mass of atom i . Eigenvalues and eigenvectors of the dynamical matrix correspond to the square of the phonon frequencies ω 2 and the phonon eigenvectors, respectively. As FeSe is metallic, we find that the calculation of -point Table 1 . Internal structural parameter (z x ), Fe-Fe and Fe-Se bond lengths (inÅ), energy changes E w.r.t. NM phase (meV/cell) and absolute magnetic moments (|M| in μ B /Fe) of various phases of FeSe. The lattice parameters (a = 3.765Å, c = 5.518Å) are taken from the experiment, while z x is obtained from the LSDA structural minimization. Initially, we take z x = 0.2343 [41] , which corresponds to the Fe-Fe bond length = 2.66Å and Fe-Se bond length = 2.28Å. phonons with the frozen phonon method results in a much weaker violation of acoustic sum rules and hence smaller errors in phonon frequencies than the ones in linear response DFT. In order to understand the role of magnetic ordering on the electronic properties and phonons of FeSe, we consider nonmagnetic as well as different magnetically ordered phases by initializing spins on the Fe atoms with different orders. For example, in the ferromagnetic phase (FM) we initialize spins on both Fe atoms in the unit cell with an up state. In the Gtype antiferromagnetic (AFM1) phase neighboring Fe atoms have antiparallel spins. In the antiferromagnetic stripe (AFM2) phase spins on Fe atoms in the same unit cell are parallel and spins on Fe atoms in the neighboring unit cells are antiparallel (see figure 1(c) ).
Results and discussion

Structure and magnetic ordering
At the experimental lattice constants, we find that the antiferromagnetic stripe (AFM2) phase is energetically more stable (by ∼55 meV/cell) than the non-magnetic (NM) phase (see table 1 ). Our simulations starting with ferromagnetic (FM) and antiferromagnetic (AFM1) ordering of spins on Fe sites (see figure 1) resulted in a self-consistent solution with vanishing magnetic moments, i.e. NM state. We also performed calculations for a configuration in which the system is FM in the ab plane and AFM along the c direction and found that this configuration also self-consistently relaxes to a non-magnetic configuration. Values of total and absolute magnetization are non-zero only in the antiferromagnetic stripe (AFM2) phase, in which Fe-Se bonds are longer by 1% than those in the NM phase. In all phases, unit cells with experimental lattice constants are under tensile stress and would like to shrink to lower the energy. Optimization of the structure to minimum energy by keeping c/a = 1.47 (experimental value) (see figure 2(a)) resulted in lattice constants ∼5% smaller than the experimental value.
For lattice constants smaller than −5%, we find that the AFM2 phase is not stable and relaxes to an NM phase upon self-consistency. This is reflected in the overlapping total energy curves for NM and AFM2 phases at lower lattice constants ( figure 2(a) ). The minimum energy of the stripe phase is 100 meV/cell lower than its energy for the experimental cell parameters. The value of absolute magnetization in the AFM2 phase decreases with reducing cell parameters and vanishes after the transition to the NM phase (see figure 2(b) ). Thus, a transition from the AFM2 to the NM phase of FeSe is expected as a function of pressure. We point out here an experimental observation [51, 52] of a drastic increase of the superconducting transition temperature with pressure in the pnictides, hinting that the AFM2 order may be competing with the ordering of superconductivity.
A large under-estimation of lattice parameters is also observed with GGA (we note that earlier DFT-based works [41, 44, 45] do not report this, but use experimental lattice constants in their analysis). Such large errors in theoretical estimates of lattice constants are untypical of DFT, and calls for closer examination. To get some idea about the disagreement between LSDA and experimental lattice constants, we investigated the effects of correlation through inclusion of the Hubbard U parameter on the theoretical estimates of lattice parameter (see figure 2(c) ).
We find that the minimum energy structure is quite sensitive to the U parameter for the AFM2 phase (and not quite as sensitive for the NM phase): the lattice constants vary from −4% to 3% of the experimental value as U is changed from 0 to 5 eV. At U = 2 eV, our theoretical estimate of a is almost the same as its experimental value. Detailed examination of the self-consistent solution reveals that an increase in U results in an increase in the magnetic moment at the Fe site. This is due to the redistribution of electrons in up and down spin channels as the relative ordering of these states is altered with the change in the exchange splitting. While the agreement of theoretical lattice constant with experiment improves with U , we find that the magnetic moment shifts further away (magnetic moment per Fe atom changes from 1.6 μ B with L(S)DA to 3 μ B with L(S)DA + U for U = 5 eV) from its experimental value (which is known to be rather low ∼0.2 − 0.4 μ B /Fe [9, 50] ). To compare with experimental observations, we use the experimental values of lattice parameters in our calculations.
Electronic structure
To see the link between magnetic ordering and electronic structure of FeSe, we examine the electronic band structures and density of states for the NM and AFM2 phases using L(S)DA (see figure 3) . We find that overall band structures of the two phases are similar, except for the fact that many degenerate energy states in the NM phase split up in the AFM2 phase. This can be understood by noting the broken symmetry of the AFM2 stripe phase, which leads to the splitting of degenerate energy levels of the NM phase. The difference in electronic structure of the two phases is more readily evident through the comparison of density of states of the NM and AFM2 phases (see figure 3(c) ): bands near the Fermi energy in the AFM2 phase have a larger bandwidth compared to the NM phase, suggesting a strong exchange-based spin-spin coupling.
From the partial density of states (PDOS), we find that Fe d-orbitals contribute mostly to the density of states near the Fermi energy, consistent with earlier work which showed that the Fe plane in pnictides contributes mostly to the energy states near the Fermi energy [53] . With tetrahedral local coordination of Fe atoms, the crystal field results in splitting of the Fe d orbital into t 2g (z 2 , zx and zy) states higher in energy and e g (x 2 − y 2 and x y) states lower in energy. These are further split due to lower symmetry of the tetragonal structure. However, zx and zy orbitals remain degenerate in the tetragonal symmetry. We find that the Fe-Se bonding is strongly covalent due to p-d hybridization consistent with an earlier report [54] on LaOFeAs: as a result, we see bonding and antibonding states made from e g and t 2g states.
Two high frequency bands are obtained at 1350 and 1600 cm −1 in the Raman spectra [49] which cannot be associated with phonon modes. The possible origin of these modes is in the intra-orbital transitions in the Fe d states, and can be explained in terms of splitting of the energies of d zx and d zy orbitals. Possible mechanisms for lower symmetry are: (a) introducing orthorhombic strain in the NM phase (see figure 4(b) ), (b) the presence of AFM stripe order, which itself generates the orthorhombic strain and (c) Se vacancies, which perturb the local structure leading to distortion of the Fe tetrahedral environment.
Phonon dispersion curves (see figure 5) , which have the information of local stability of the system, exhibit no unstable modes for any of the NM and AFM2 phases for the experimental cell parameters, ruling out the possibility of a structural phase transition and related orthorhombic strain. However, we find that stresses on the unit cell of the AFM2 ordered phase exhibit an orthorhombic symmetry: σ xx = σ yy , while σ xx = σ yy in the NM phase (see figure 4(a) ). As a result, orthorhombic distortion of the unit cell b = a is expected as a secondary order parameter accompanying a transition to the AFM2 phase, if any. From our calculations and experimental observations, we conclude that the presence of orthorhombic stress in the stripe phase would lead to lifting the degeneracy of d xz and d yz orbitals, and the observed Raman peaks at 1350 and 1600 cm −1 are associated with intra dd excitation involving these d-orbitals as discussed in earlier works [54, 55] . Anisotropy in the d xz and d yz orbitals in the x y plane would lead to the structural phase transition as discussed by Lv et al [56] . In this regard, experimental observation of the orthorhombic structure of FeSe below 100 K [57] suggests that there must be ordering of the stripe AFM2 phase at 100 K. The effect of Se vacancies will be discussed in section 3.5.
Spin-phonon coupling
In our earlier work [49] based on Raman spectra of FeSe, we reported hardening of the E g mode involving Se displacements just below 100 K, the temperature where antiferromagnetic ordering seems to occur. This was attributed to a large spinphonon coupling in FeSe arising from changes in the superexchange interactions with changes in the Fe-Se-Fe bond angles. Egami et al [28] had suggested that spin-phonon coupling may play an important role in the superconductivity of iron pnictides. Thus, spin-phonon coupling appears to be quite important in FeSe.
To get an idea of the spin-phonon couplings, we determine phonon dispersion and density of states of the NM and AFM2 states using the linear response method. As expected, due to a strong spin-phonon coupling, there are significant changes in the phonon spectra associated with magnetic ordering. Similar to the electronic band structures of these two phases, phonon dispersions also show splitting of degenerate frequencies of the NM phase arising from the lower symmetry of the AFM2 phase. A comparison of the phonon density of states (see figure 5(c) ) of the two phases shows that phonons, particularly optical ones, of the NM phase change significantly with stripe antiferromagnetic spin order in the AFM2 phase. Acoustic phonons are not affected much by the spin ordering as these modes do not result in changes in the Fe-Se-Fe bond angles.
To identify which phonon modes are most affected by the presence of spins in the AFM2 phase, we use the correlation function of the eigenmodes of the NM and AFM2 phase as
where φ i and ψ j are the eigenvectors of i th and j th modes of the NM and AFM2 phases, respectively, and summation over k is a sum over all the atoms and Cartesian directions. If the correlation of the two eigenmodes i and j is greater than a cutoff (say, 0.7), we consider them to be correlated. Interestingly, we find that the mode of frequency 228 cm is proportional to the spin-phonon coupling for this mode. How spin-phonon coupling leads to the hardening of the E g modes with decreasing temperature below 100 K will be shown through Monte Carlo simulations in section 3.6.
Effect of on-site correlation parameter on electronic structure and phonons
As the on-site electron correlation parameter U has large effects on lattice parameters, we examine the electronic structure of the NM and AFM2 phases using L(S)DA + U and compare with the results of L(S)DA. L(S)DA + U calculations of the electron structure are done for the two structures: (a) the structure relaxed with L(S)DA and (b) the structure relaxed using L(S)DA + U . While the on-site correlation parameter U does not significantly affect electronic states near the Fermi energy of the NM phase (see figure 6 (a)), it affects significantly the electronic states near the Fermi energy of the AFM2 phase (see figure 6(b) ). With the U correction, the NM phase has a finite density of states at the Fermi energy and remains metal, but the AFM2 phase exhibits an energy gap in the density of states at the Fermi energy. We also study the effect of the on-site correlation parameter U on the phonon frequencies for both the NM and AFM2 phases. We use the frozen phonon method for the calculation of phonon frequencies at the Gamma point using L(S)DA + U, as the DFPT method violates the acoustic sum rule by a large amount. In the stripe phase, phonons with LSDA + U exhibit a mode of imaginary frequency ω = 60i cm −1 , which is at 96 cm −1 in the LSDA calculations (see table 3 ). This indicates that in the AFM2 stripe the phase with LSDA relaxed structure is unstable with the LSDA + U and forces us to relax the structure also using LSDA + U.
We estimated the changes of phonon frequencies with onsite correlation parameter U from L(S)DA for both the NM and stripe phases of the two different structures as discussed above. We find that some phonon modes are very sensitive to the on-site correlation parameter U (see figure 7) . Such modes typically involve atomic displacements that give rise to changes in Fe-Se-Fe bond angles (see figure 7(c) ). Notably, effects of the U parameter on the phonon frequency are more pronounced in the stripe (AFM2) phase compared to the NM phase. The largest change in phonon frequency in the presence of the on-site correlation parameter U is in the stripe phase ( ω = 150 cm −1 ), indicating that electronic correlations have a strong effect on phonons of a phase with antiferromagnetic stripe (AFM2) spin ordering.
One of our goals in this work is to evaluate the impact of electronic corrections on the properties of FeSe, and use of the on-site correlation parameter U in the first-principles DFT is the only option that is readily possible. We find that with the U correction the stripe antiferromagnetic (AFM2) phase shows a bandgap for larger values of U ( =2 eV) and the bandgap increases with the increase in U value. We do not have any evidence to claim that FeSe is a Mott insulator. Nevertheless, within the LSDA + U analysis, we have demonstrated that the U parameter affects significantly the lattice parameters, electronic structure and a few phonon modes of the magnetically ordered FeSe. We also agree here that the value of U = 5 eV is a bit large and is expected to overestimate the correlation effect within this model.
Effect of Se vacancies on electronic structure and phonons
With the presence of Se vacancies in FeSe 0.875 , we find that the G-type antiferromagnetic (AFM1) phase is also stabilized. While the AFM1 phase is lower in energy than the NM phase, the AFM2 phase still remains the lowest in energy (see table 4 ). It is interesting that the AFM1 magnetic order is not stable in the stoichiometric compound and relaxes to the NM phase at self-consistency but becomes stable in the non-stoichiometric compound. We find that the presence of an Se vacancy distorts the local structure, which can be seen in the spread in bonds of the non-stoichiometric compound. We believe that stabilization of the AFM1 phase in the non-stoichiometric compound is linked with the distortion of the local structure and a partial relief from the magnetic frustration arising from comparable first-and second-nearest-neighbor interactions.
Due to vacancies, there is a large peak in the density of states at the Fermi energy in both NM and AFM2 states of the non-stoichiometric compound (see density of states in figure 8 ). Our partial density of states analysis shows that these new energy states are derived from Fe d-orbitals. We attribute the appearance of new states (a large peak in NM and a broad peak in AFM2) near the Fermi energy to defect states in the presence of a distortion of the local structure by the Se vacancy in FeSe 0.875 .
We calculate the phonons at the point of FeSe 0.875 using the frozen phonon method for both the NM and AFM2 phases to determine effects of the Se vacancy on the phonon frequencies. It is not straightforward to correlate the modes in FeSe 0.875 with those of the stoichiometric compound using the eigenvector correlation function described in equation (3) because the number of atoms is different for x = 0.0 and 0.125. However, we can identify the same modes in the NM and AFM2 phase of FeSe 0.875 using the correlation of eigenvectors. This would give the effect of magnetic ordering and the presence of vacancies on phonons (see table 5 ). In the presence of vacancies, phonon frequencies are found to soften compared to the stoichiometric compound, while spin-phonon couplings are roughly the same.
Monte Carlo simulation
The temperature dependence of a particular phonon frequency due to coupling with spin is [58] 
where ω 0 is the phonon frequency in the absence of spinphonon coupling, λ is the spin-phonon coupling coefficient, which is different for the different phonon modes and contains information on how a particular mode couples with spin, and S i · S j is the statistical ensemble average of adjacent spins. To estimate the temperature dependence of S i · S j we carry out Monte Carlo simulations using the Ising-like model Hamiltonian:
where H 0 is the Hamiltonian of the system in the absence of spins, J 1 and J 2 are magnetic super-exchange interactions for the first-and second-nearest neighbors, respectively. At absolute zero temperature (T = 0 K), values of S i · S j for the first-nearest neighbors are −4 for the antiferromagnetic (AFM1) phase and 0 for the antiferromagnetic stripe (AFM2) phase. Similarly, values of S i · S j for the second-nearest neighbors are 4 for the antiferromagnetic (AFM1) phase and −4 for the antiferromagnetic stripe (AFM2) phase. Values of J 1 and J 2 estimated, from energies of the AFM1 and AFM2 phases of FeSe 0.875 are −9 and 11 meV, respectively. As we know from our first-principles simulations (a) the AFM2 stripe phase is most stable and (b) the NM and AFM1 states are not locally stable, we take J 2 slightly larger than J 1 , which favors the AFM2 stripe phase. We use Monte Carlo simulations to determine temperaturedependent properties of this model system. We find that the system is magnetically frustrated due to competition between first-and second-nearest-neighbor interactions, i.e. different timescale simulations end up in different magnetic configurations at low temperature, for equal values of the first-and second-nearest-neighbor interactions (J 1 = J 2 ). The value of S i · S j , calculated from Monte Carlo simulations (see figure 9 ) for the first-nearest neighbors first increases with decreasing temperature and goes to zero at low temperature. However, S i · S j for the second-nearest neighbors decreases monotonically with the temperature but the decrease is sharper below 100 K compared to higher temperatures.
To explain the temperature-dependent anomalous hardening of the Raman-active E g modes of Se [49] , we estimate the spin-phonon coupling constant λ from the change in frequency of the E g (Se) modes from the AFM1 and AFM2 phases of FeSe 0.875 and find that λ is −8 cm −1 . Calculated values of both λ and S i · S j are negative, which explain the hardening of the E g (Se) mode with temperature observed in the Raman experiment.
Summary
We have presented a systematic analysis of FeSe 1−x using first-principles DFT-based calculations to obtain an idea of the effects of electron correlations (Hubbard U parameter), magnetic ordering and Se vacancies on its electronic and vibrational properties. First of all, we find that Fe-Se bonding is highly covalent due to strong p-d hybridization, and effects of crystal field splitting are mixed with those of bonding and antibonding interactions. We find that the antiferromagnetic stripe (AFM2) state is the lowest energy state of FeSe among NM, G-type antiferromagnetic (AFM1) and FM states. We find that the U parameter affects the exchange splitting and hence the electronic properties of magnetically ordered states significantly. As there is a stress associated with magnetic ordering, the structural parameters of FeSe in the stripe AFM2 phase are also sensitive to the magnitude of the U parameter.
The symmetry of the stripe AFM2 phase permits orthorhombic distortion of the unit cell (b − a = 0), seen experimentally at low temperatures. We report strong spin-phonon couplings in FeSe, which should manifest in the temperature dependence of phonons when the stripe AFM2 ordering sets in. Indeed, we explain, using Monte Carlo simulations, the observed hardening of the Raman-active mode below 100 K. The spinphonon coupling is even more pronounced when electron correlations are included. Se-deficient FeSe is expected to have relatively softer phonons than FeSe and higher density of electronic states at the Fermi energy. Electron correlations and stripe AFM2 ordering are shown within DFT to influence greatly the electronic and vibrational properties of FeSe 1−x .
